Recent observations have shown that slope response to seismic shaking can be characterised by directional variations of a factor of 2-3 or larger, with maxima oriented along local topography features (e.g. maximum slope direction). This phenomenon appears influenced by slope material properties and has occasionally been detected on landslide-prone slopes, where a down-slope directed amplification could enhance susceptibility to seismically-induced landsliding. The exact conditions for the occurrence of directional amplification remain still unclear and the implementation of investigation techniques capable to reveal the presence of such phenomena is desirable. To this purpose we tested the applicability of a method commonly used to evaluate site resonance properties (Horizontal to Vertical Noise Ratio -HVNR or Nakamura's method) as reconnaissance technique for the identification of site response directivity. Measurements of the azimuthal variation of H/V spectral ratios (i.e. between horizontal and vertical component) of ambient microtremors were conducted in a landslide-prone study area of central Italy where a local accelerometric network had previously provided evidence of directivity phenomena on some slopes. The test results were compared with average H/V spectral ratios obtained for low-to-moderate earthquakes recorded by the accelerometric stations. In general, noise and seismic recordings provided different amplitudes of spectral ratios at similar frequencies, likely because of differences in signal and instrument characteristics. Nevertheless, both kinds of recordings showed that at sites affected by site response directivity major H/V peaks have orientations consistent (within 20 • -30 • ) with the direction of maximum shaking energy. Therefore, HVNR appears to be Correspondence to: V. Del Gaudio (delga@geo.uniba.it) a promising technique for identifying seismic response directivity. Furthermore, in a comparative test conducted on a slope mantled in part by a deep-seated landslide we detected spectral peaks with orientations close to the maximum slope direction, whereas no evidence of directivity was found outside the slide boundaries. This indicates the influence of the landslide body on seismic response directivity.
Introduction
In the last two decades some workers Vidale et al., 1991; Spudich et al., 1996; Xu et al., 1996; Martino et al., 2006) have reported cases of notable directional variations of seismic site response under different geological and topographical conditions. Our recent studies provided new evidence of this phenomenon (Del Gaudio and Wasowski, 2007) . In particular, we analysed the directional variation of shaking energy in several earthquakes of low to moderate magnitude recorded by accelerometric stations located in eight hillslope sites of central Italy. For four of these sites shaking maxima were found in an almost constant direction, regardless the back-azimuth of the epicentres of the recorded events. The maxima of shaking energy were on average 2-3 times as high as orthogonally directed minima and turned out oriented in directions close to that of locally prominent topographic features (i.e. maximum slope or steep scarp rim). Furthermore, preliminary accelerometer monitoring results from three different landslide-prone slopes in southern Italy indicated the presence of directional effects with maxima oriented along the general direction of slope movements (Gallipoli and Mucciarelli, 2007) .
The analysis presented by Del Gaudio and Wasowski (2007) suggests that these phenomena are not caused by a purely topographic effect. Indeed, a fundamental role Published by Copernicus Publications on behalf of the European Geosciences Union. 752 V. Del Gaudio et al.: Seismic site response directivity analysis from microtremors seems to be played by anisotropies in slope material properties, which, in different settings, can be either induced by factors controlling also the topographic relief (e.g. tectonics) or directly controlled by the topography (e.g. as effect of gravity-driven mass movements).
The recognition of a pronounced directivity in site response is an important factor to be considered in local hazard evaluations and in building code applications. Furthermore, site response directivity can be relevant in enhancing susceptibility of slopes to earthquake induced failures considering that in most of the observed cases the direction of maximum shaking resulted close to that of the maximum slope. Hence the identification of directional amplifications should be taken into account in comprehensive seismic landslide hazard assessments. However, until now, the limited amount of observational data has not allowed a thorough understanding of factors controlling directional amplification and the definition of practical recognition criteria. Therefore, we carried out investigations to evaluate if seismic site response directivity can be revealed through quick and lowcost tests like the Nakamura's method (also called Horizontal to Vertical Noise Ratio -HVNR -technique), based on the calculation of the H/V ratio (i.e. the ratio between horizontal and vertical component spectra) of recordings of ambient noise induced by natural and anthropic sources of microtremors (Nakamura, 1989) .
The HVNR technique, despite its somewhat unclear theoretical bases (see Bonnefoy-Claudet et al., 2006a) , has been diffusely applied in microzonation studies, mainly because peaks in the H/V spectral ratios have proved to be an effective indicator of the resonance frequency of low-impedance surface layers. The technique remains popular even though the reliability of the associated estimate of the amplification factor is deemed questionable (Bonnefoy-Claudet et al., 2006b ). At present the employment of this method can benefit from the recent introduction of a new portable instrument named "Tromino", with velocimeter characteristics, specifically designed for HVNR measurements.
Considering that Tromino allows 3-component recordings of microtremors also in difficult logistic conditions, we employed it to measure azimuthal variation of H/V spectral ratios of microtremors on landslide-prone slopes at Caramanico Terme (central Italy). In this area, a long term monitoring has been undertaken since 2002 to study seismic response of slopes by means of a network of 5 accelerometric stations. The monitoring provided clear evidence of directivity in seismic response for two of these stations, one located on a landslide re-activated in 1989 and presently quiescent, and the other on the rim of a steep scarp in carbonate breccias overlying stratified limestones (Del Gaudio and Wasowski, 2007) . This area represents a useful test site to experiment techniques for the identification of site response directivity, even though the exact causes of these phenomena are still being investigated. Indeed, the Caramanico area offers the possibility of comparing the results obtained from tests like HVNR measurements carried out with portable instruments, with simultaneous recordings of permanent accelerographs and with the available database of seismic event recordings.
In particular, in this work the newly acquired results are compared with H/V spectral ratios obtained by Del Gaudio and Wasowski (2007) from seismic event recordings, integrated with additional more recent accelerometric data. Furthermore, we present HVNR measurements made in other locations on the 1989 landslide that confirm the influence of the landslide body on the directivity effects.
Description of the study sites
The study sites are on the peri-urban slopes of Caramanico Terme, a town located in Central Italy (Fig. 1) . This area is located in a seismically active part of the Apennine chain, which in the past generated earthquakes of magnitude up to 7.0. Seismic shocks are recurrently felt at Caramanico and recent hazard estimates ("Gruppo di lavoro", 2004) indicate that a PGA value of 0.2 g has an exceedance probability of 10% in 50 years. Furthermore, several cases of slope failures induced by historical earthquakes have been documented and conditions for seismic slope failures have likely occurred also on other occasions (Wasowski and Del Gaudio, 2000) .
The local geological setting, characterised by the presence of thick, often coarse colluvia of Quaternary age, overlying the relatively impermeable Pliocene mudstones, together with the persistance of high relief, make the Caramanico slopes highly susceptible to landsliding. Surficial deposits include loose to weakly cemented coarse limestone gravels and limestone blocks, as well as re-moulded clay-rich materials; the abrupt lateral and vertical changes of lithofacies (in part enhanced by the post-sedimentary disruption related to long history of mass movements) confer considerable complexity to the local slope settings (Wasowski and Del Gaudio, 2000) .
Because of the recurrence of slope failures and frequent seismic activity the area of Caramanico has been selected as a test site for recent research projects on landslide phenomena and a local network of permanent accelerometric stations was set up to study slope response to seismic shaking in different lithostratigraphic and topographic conditions. The network includes 5 stations (see Fig. 1 In five years these stations provided 98 recordings of 60 seismic events of magnitude up to 5.4 and distance from few to 160 km. For two of these stations, CAR2 and CAR3, the analysis of directional variation of shaking energy, expressed in terms of Arias intensity (Arias, 1970) , showed pronounced maxima systematically oriented along an almost constant direction in all the recorded events, regardless their source location.
This suggested the presence of a directional resonance in the dynamic response of these sites to seismic shaking. The directivity was further investigated by analyzing the directional variations of average horizontal to vertical spectral ratios (HVSR) calculated for the recorded seismic events. Theoretical considerations support the use of HVSR in site effect evaluations for the case of 1-D layering dynamic response (e.g. Lermo and Chávez-García, 1993) , however this 754 V. Del Gaudio et al.: Seismic site response directivity analysis from microtremors technique has also been found suitable to identify resonance frequency in more complex situations, e.g. in presence of topographic amplification (Chávez-García et al., 1996) . The results obtained at Caramanico revealed that, at the sites CAR2 and CAR3, HVSR values were characterised by directional spectral peaks at site-specific frequencies with orientations close to the mean direction of maximum shaking, i.e. N 100 • W-N 80 • E and N 70 • W-N 110 • E, respectively (Del Gaudio and Wasowski, 2007) .
Additional most recent recordings confirmed the earlier results from Caramanico. In Fig. 2 the mean HVSR values obtained from the total data set are represented by polar diagrams. Tables 1 and 2 list the absolute and main relative maxima of spectral ratios along with their relevant characteristics, i.e. frequency and azimuth of each maximum, the minimum spectral ratio found at the same frequency of maximum, the azimuth of the minimum and the quotient between HVSR maximum and minimum (MmQ). When the quotient MmQ exceeds 1.5, the associated shaking energy in direction of maximum exceeds that in direction of minimum by more than a factor of 2. Thus MmQ=1.5 was assumed as a threshold to identify a significant directivity of site response at the corresponding frequency.
Both at CAR2 and CAR3, spectral ratios at several frequencies reach their maximum values at very close azimuths, dropping to a significantly lower value along perpendicular orientations (Table 1) . At CAR2 the main peak (HVSR ≈6) at 10.1 Hz and all the major secondary peaks (HVSR≥4) have N 80 • -90 • E direction, which is very close to the direction of maximum slope and the mean direction of shaking energy maxima (N 100 • W). At CAR3 the largest maxima (HVSR > 7) are distributed between 9 and 16 Hz, with the main peak (HVSR ≈16 at 12.4 Hz) in N 80 • W direction and secondary peaks with azimuths between N80 • W and N 60 • W. Thus the peaks are orientated approximately parallel to the gorge rim and diverge at most by 10 • from the mean direction of shaking energy maxima (N 70 • W).
The other sites do not show a clear preferential direction in the azimuthal distribution of spectral energy (Table 2) : at CAR1 major relative maxima are oriented along different directions distributed in an azimuth interval of about 80 • ; at CAR4 the HVSR values have no sharp peak (maximum spectral ratio is less than 3) and differences between maximum and minimum of spectral ratios at the same frequency are small; at CAR5 frequency bands showing maximum spectral ratios (at frequency 8-9 Hz and 11-12 Hz) seem to have a nearly isotropic distribution of their values (Fig. 2) . It is noteworthy that CAR1, CAR2 and CAR5 are all closely located on the same hillslope, characterised by the same Pliocene mudstone substratum, but only CAR2 is sited on the 1989 landslide body, whereas CAR5 is located just 200 m upslope the 1989 landslide, on colluvial deposits very similar to those affected by the landslide (Fig. 1) . Thus the presence of site directivity at the site located on the landslide (CAR2) and its absence at the two sites located with a few hundred meters from the landslide suggest that the landslide body plays an important role in site response.
Measurements
In order to verify if the site response directivity and its properties can also be derived from HVNR measurements, reconnaissance investigations based on microtremor recordings were conducted at the 5 accelerometric sites of Caramanico. The measurements were done using the new portable seismograph Tromino. This instrument is a compact 3-component velocimeter (see http://www.tromino.it for instrument description) with a good instrumental response in a wide frequency interval. Thanks to its small size (10×14×7.7 cm) and weight (1.1 kg) Tromino is particularly suitable for measurements in rough terrain conditions like those of landslideprone slopes. Table 1 . Main relative maxima of horizontal to spectral ratios in seismic (HVSR) and noise (HVNR) recordings at sites characterised by directivity in site response (CAR2 and CAR3): Freq = frequency; AzM = azimuth of maximum at the specified frequency; HVM = maximum spectral ratio at the same frequency; Azm = azimuth of minimum at the specified frequency; HVm = minimum spectral ratio at the same frequency; MmQ = Quotient HVM/HVm. Ambient noise was recorded at each accelerometric site for 15 min with a sampling rate of 128 sps (sample per second). Tromino was positioned beside the accelerograph Etna and during the measurement session, for comparison purposes, noise recordings were also carried out with Etna, which operates at a sampling rate of 200 sps. The recordings obtained from Etna were corrected for the instrumental response using the procedure described by Shakal and Ragsdale (1984) with pass-band filtering in the interval 1-50 Hz, and data were decimated to halve the sampling rate to 100 sps.
The noise recordings were subdivided into intervals of 30 s, selecting the most stationary part of the recorded signals and excluding transient parts possibly associated to very close sources, according to the guidelines suggested by the project SESAME (Site EffectS assessment using AMbient Excitations: see http://sesame-fp5.obs.ujf-grenoble.fr/SES Reports.htm). Fourier spectra were calculated and smoothed using a triangular average on frequency intervals of ± 5% of the central frequency. The spectral ratios were then calculated between horizontal components oriented at 10 • azimuth intervals and vertical component and, finally, for each station, the average spectral ratios H/V of all the recording intervals in each direction were obtained. As for the HVSR values, the "degree of directivity" of a spectral peak at a given frequency was evaluated through the parameter MmQ and a threshold of 1.5 was assumed to identify the presence of a significant directivity.
The evidence of directivity at the CAR2 site, located on the head of the 1989 landslide, prompted us to examine in more detail the role of the landslide in determining such phenomenon. For this reason additional noise measurements were carried out at three sites on the landslide (see Figure 3 shows polar diagrams of HVNR values obtained at the accelerometric sites by using Tromino seismograph. These can be compared with the HVSR diagrams derived from the seismic event recordings (Fig. 2) . Tables 1-2 provide a comparison of the characteristics of relevant spectral ratio peaks for both seismic and noise recordings, showing side by side peaks having similar frequency (within 0.5 Hz ). In some cases no significant, distinct HVNR relative maximum was found to match a HVSR peak or, vice versa, some of HVNR maxima did not have a corresponding HVSR peak (blank fields in Tables 1-2): this can be due to the presence of low H/V ratios or a fusion of two or more peaks that cannot be distinctly resolved.
Results and discussion

Comparison HVNR-HVSR
With regard to the two sites showing directivity in seismic response (Table 1) , a quite good agreement was found between the main peaks of HVNR and HVSR at CAR3 (Figs. 2  and 3 ). There HVNR is characterised by a maximum spectral ratio equal to 13.9 at frequency of 12.6 Hz in N 50 • W direction, having a significant directivity (MmQ=1.8); it corresponds to the HVSR peak equal to 15.7 at frequency of 12.4 Hz in N 80 • W direction for which MmQ is equal to 2.2. More in general, both HVNR and HVSR diagrams show a similar strong concentration of spectral energy between 9 and 16 Hz with spectral ratios above 6, despite a general divergence of 30-40 • between the directions of HVNR and HVSR maxima. It should be stressed, however, that, for each kind of recording (seismic or noise), major spectral ratio peaks do not diverge by more than 20 • from each other and by no more than 30 • from the mean direction of the shaking energy maxima observed during the earthquakes. These divergences could be due to the influence of possible different polarizations in signal sources.
As far as CAR2 is concerned, amplitude and degree of directivity of spectral ratios obtained from seismic and noise recording for similar frequencies are quite different. Therefore directional maxima of HVNR and HVSR are found at different frequencies (Figs. 2 and 3 ) and major peaks in one diagram (e.g. at 2.4 Hz for HVNR and at 10.1 Hz for HVSR) correspond to rather modest relative maxima of the other (e.g. the 2.5 Hz peak of HVSR and the 10.6 Hz peak of HVNR, which are approximately 1/2 of those mentioned above). However, despite these differences, all the relative HVNR and HVSR maxima share a very similar orientation, great majority of them falling within the N 80 • -90 • E azimuth range, i.e. very close to the mean direction of shaking energy maxima (N 80 • E).
The H/V spectral ratios obtained at the other sites (Table 2 ) do not seem to show a clear systematic directivity of major HVNR and HVSR peaks. At CAR1, for instance, the main HVSR peak at 5.5 Hz has a similarly oriented counterpart among HVNR secondary peaks at 5.8 Hz, even though with a weaker directivity. Instead, the main HVNR peak at 1.9 Hz, which has a strong directivity (MmQ=4.1), diverges 60 • -70 • from the direction of major secondary peaks and also 50 • from the direction of HVSR relative maximum of similar frequency at 2.1 Hz. It is noteworthy that some of the major HVSR peaks (e.g. that at 7.4 Hz ) do not have a marked directional character and the directivity of others do not appear to be a site property. A previous analysis conducted on separate groups of seismic event recordings indicated that such directivity probably reflects wave polarization related to common source characteristics of several events belonging to a single seismic sequence (Del Gaudio and Wasowski, 2007) . The strong directivity of the 1.9 Hz peak, which is the only HVNR peak with a significant directional character could likewise reflect polarization properties of a single noise Table 2 . Main relative maxima of horizontal to spectral ratios in seismic (HVSR) and noise (HVNR) recordings at sites CAR1, CAR4 and CAR5: Freq = frequency; AzM = azimuth of maximum at the specified frequency; HVM = maximum spectral ratio at the same frequency; Azm = azimuth of minimum at the specified frequency; HVm = minimum spectral ratio at the same frequency; MmQ = Quotient HVM/HVm. source rather than site response properties, because it has a direction different from that of any other HVNR or HVSR peaks. At CAR4 the spectral ratios are lower than at the other CAR sites (H/V values below 3.0). Some correspondence in frequency and orientation can be found between HVNR and HVSR peaks, however the major HVNR peaks do not have directional character and do not match any significant HVSR relative maxima. The only HVNR peak with an appreciable directivity, at 6.0 Hz, matches a minor HVSR peak at 5.8 Hz, whereas major HVSR peaks with a significant directivity (e.g. those at frequencies 8.4 and 10.3 Hz ) match rather secondary HVNR relative maxima. On the whole, spectral ratios of seismic events and noise recordings do not provide indications of important resonance phenomena for this site; indeed CAR4 had been located on a rock outcrop to act as a local reference station.
HVSR
The HVNR values for CAR5 exibit several peaks at different frequencies. Some of the major peaks with spectral ratios higher than 3 show a significant directivity (MmQ up to 2.7), but are marked by a variable azimuthal distribution (from N 20 • W to N 80 • E; Fig. 3 ). They have counterparts with similar frequency among HVSR peaks, but these appear as secondary maxima and their azimuths differ from those of the corresponding HVNR peaks by up to 60 • . On the other hand, the numerous HVSR peaks with spectral ratio larger than 3 are oriented in very variable directions, but only few of them match a relative maximum in HVNR values.
On the whole, at the stations affected by a clear directivity in site response (CAR2 and CAR3), both within seismic event signals and noise recordings the directions of significant maxima of horizontal to vertical spectral ratio are consistent at different frequencies (Tables 1 and 2) . Nevertheless, the comparisons reveal that spectral ratios and "degree of directivity" can be quite different for HVSR and HVNR peaks at similar frequencies. These differences could be in part due to the specific characteristics of the instruments employed (Etna and Tromino) for the two types of measurements.
Influence of instrumental properties on HVNR-HVSR differences
The influence of the instrumental properties on the differences found between the measurements of HVNR (made with Tromino) and HVSR (from Etna recordings) were investigated by a comparative analysis of their simultaneous noise recordings. The polar diagrams of HVNR obtained from Etna noise recordings (Fig. 4) show that the spectral ratios do not exceed 3, with most of them being below 2. These values are significantly lower than HVNR obtained from Tromino recordings (Fig. 3) . This made very difficult the recognition of spectral peaks, even though a more detailed analysis showed that some weak relative maxima in Etna noise recording spectra matched peaks pointed out also by Tromino data (Tables 1 and 2 ). Among the Etna data, spectral ratios higher than 2 were found only at CAR3 (i.e. the most amplified site), for the two major peaks at 13.1 and 14.7 Hz , in the same direction and at similar frequencies as those of some of the highest Tromino HVNR peaks; the spectral ratios of the latter, however, were 4-5 times larger.
To investigate the reasons of this large discrepancy, simultaneous noise recordings acquired by the two instruments were compared by dividing the spectrum of each Etna recording component by the corresponding Tromino recording spectrum. In Fig. 5 the mean values of the obtained ratios are presented graphically as function of frequency. The graphs show similar trends with an initial steep decrease, which reflects Tromino instrumental response at low frequencies, followed by a gentle increase. In general the Etna/Tromino spectrum ratios relative to the two horizontal components appear consistent, whereas the ratios between the vertical components often show major divergences and are almost always higher. A maximum discrepancy is observed at station CAR3 (Fig. 5) , where the spectral ratios of the vertical component at about 13 Hz exceed those of the horizontal components approximately by a factor of 4-5; this explains the reduction by a similar factor of the HVNR derived from Etna in comparison to those obtained with Tromino.
Since in each instrument the sensors measuring different components are identical, the ratios of homologous component spectra should simply reflect differences in instrumental responses common to all the components. Therefore the observed discrepancies, varying through the spectrum and from one site to another, are likely due to a different content of instrumental noise, especially that affecting the vertical component. In particular, the higher level of noise on the Etna vertical component reduces significantly the H/V ratio values at the low level of signal that characterises the microtremor recordings. However, noise could bias also H/V ratios measurements for seismic events at frequencies where signal level is low, i.e. at frequencies different from those receiving a significant amount of shaking energy (which depend on source magnitude and distance and on local resonance frequencies of the recording site).
A similar problem might also affect Tromino HVNR measurements at frequencies for which signal/noise ratio is low for this instrument. Therefore, differences in the signal/noise ratio throughout the spectrum can be responsible of discrepancies between HVSR values derived from Etna and HVNR derived from Tromino, according to the spectral characteristics of signals (generated by earthquakes or by microtremor sources) and of resonance characteristics of sites. This can explain why major peaks of HVNR and HVSR values are mostly found at different frequencies.
More in general, our observations confirm what is already known about the inadequacy of accelerometers for noise measurements: these should be carried out with more sensitive high-gain seismometers, as proposed in Mucciarelli (1998) and confirmed by the SESAME project (Guillier et al., 2007) .
Provisional criteria for site response directivity identification from HVNR
It is opportune to stress that the combination of topographic and geologic factors controlling local seismic response at Caramanico is more complex than a simple 1-D layering structure for which the HVNR method was originally intended. The results of the HVNR-HVSR analysis reported above indicate that, in such settings, the horizontal to vertical spectral ratios derived from microtremor and earthquake recordings may not be directly comparable and may provide quite different outcomes in terms of peak frequencies. This derives from both the complexity of the site spec- tral response, including several resonance frequencies, and from differences in instrument capacities to provide good signal/noise ratio in different frequency bands. Furthermore, in such situations the resulting H/V spectral ratios cannot be considered as representative of the actual spectral amplification function, because of the possible presence of amplification-deamplification of the ground motion vertical component (cf. Del Gaudio and Wasowski, 2007) . Nevertheless noise recordings appear usable for the recognition of site response directivity. In particular, the results of our tests suggest that for a reliable identification of directivity in the site response the following three main conditions need to be met: 1. Peaks with significant H/V spectral ratio values (not less than 2) having a significant directivity (maximum/minimum quotient larger than 1.5) should be identified in the azimuthal distribution of HVNR values; 2. If only one peak with a significant directivity is found, repeated measurements have to be performed at different hours and week days, to rule out the possibility that the single directional maximum is due to a source of polarised noise and thus may not reflect site properties;
3. Major directional peaks should have similar directions (within an azimuth interval of 20 • -30 • ); otherwise differently oriented pronounced peaks could reflect the coexistence of different sources of polarised noise at different azimuths.
Clearly, considering the limited number of cases examined, at this stage these criteria are to be considered as provisional and will require further tests to be confirmed. However it is encouraging to observe that, among the five sites analysed, both and only the two ones for which a systematic directivity was observed in seismic shaking energy show multiple major peaks in H/V spectral ratios that share a pronounced directivity consistent with maximum shaking direction. The fact that this feature was observed for signal of different nature and origin like seismic event and ambient noise, make us confident that it reflects site-specific directivity properties, which apparently can be revealed even under conditions where H/V spectral ratios are not a reliable indicator of amplification factors and resonance frequencies.
Results of HVNR measurement on landslide
One of the significant findings regarding site response directivity at Caramanico was the detection of such phenomenon at the site CAR2 located on the 1989 landslide ( Fig. 1 , Del Gaudio and Wasowski, 2007) . The comparison between the spectra obtained at CAR2 and at CAR1, the latter sited on an outcrop of the landslide substratum, led Del Gaudio and Wasowski (2007) to hypothesise that the landslide body is one of the factors causing the observed directivity (even though probably not the only one).
To test this hypothesis we conducted noise measurements at three sites located on the same landslide body (T1, T2, T3 -see Fig. 1 for location) . Figure 6 shows the azimuthal variations of HVNR for the three sites and Table 3 summarises the main relative maxima. A comparison of these diagrams with each other and also with the HVNR results relative to CAR2 (Table 1) , reveals several characteristics in common, e.g. the presence of high spectral ratios at frequencies less than 5-6 Hz , with major peaks between 2 and 4 Hz oriented along similar directions. In particular, all three sites show at frequencies 2.3-2.5 Hz a significant H/V ratio maximum of 4.4-5.0 in N 80 • E direction, which matches quite well the characteristics of the main CAR2 HVNR peak (frequency=2.4 Hz, azimuth=E-W, spectral ratio=5.3). A similar peak is not present at sites CAR1 and CAR5 located on the same slope, but distant, respectively, 600 m and 200 m from the slide. Furthermore, apart from T1, all the other sites on the landslide show several additional peaks with a similar orientation (Table 3) . At T3 this is the case of the two major peaks at 3.6 Hz and 16.0 Hz , with orientations N 80 • E and E-W, respectively, and also of other significant peaks with a pronounced directivity (e.g. at 1.9 and 15.2 Hz). At T2 the main peak at 2.8 Hz and most of the secondary maxima have directions between E-W and N 70 • E; these maxima sometimes exibit a significant directivity (MmQ up to 2.0).
A different situation is encountered at the T1 site, where the main peak at 2.8 Hz has a N50 • E direction and other secondary peaks show a variable azimuthal distribution. Furthermore, apart from the 2.3 Hz peak, common to all the sites on the landslide, none of the other peaks has a marked directional character (MmQ<1.5).
On the whole, the HVNR data indicate a different degree of site response directivity for the three sites located on the landslide. No convincing evidence of directivity was found at T1, while its presence appears clear at T3, where almost all the peaks having maximum spectral ratios greater than 2 are distributed within an azimuth interval of 30 • (from N 70 • E to N 100 • E). Furthermore, most of these peaks have a pronounced directivity (MmQ from 1.5 to 5.8). This is in good agreement with what was observed at CAR2 also sited on the slide. The site T2 has several peaks showing maxima consistently orientated in the same azimuth interval as at T3. However, the evidence of directivity is less strong at T2, because only the 2.4 Hz peak is characterised both by a high spectral ratio (4.5) and a significant directivity (MmQ=1.6); other peaks have either high spectral ratios with low directivity (e.g. at 3.1 Hz , with spectral ratio 4.1, but MmQ=1.3), or low spectral ratios and high directivity (e.g. the peaks at frequencies higher than 12 Hz , with spectral ratios between 1.6 and 2.0 and MmQ=1.8÷2.0).
In summary, these observations support the notion that the presence of a landslide body can provide a significant contribution to determine conditions of site response directivity. This, however, does not necessarily imply the persistence of directivity throughout the landslide extension, in that the concomitance of more factors (e.g. significant lateral variations in thickness and in material properties of the landslide body, local topography) can probably locally enhance or reduce such phenomenon.
Conclusions
The results of comparisons of horizontal to vertical spectral ratios derived from the recordings of seismic events and microtremors in Caramanico indicate that this kind of measurements can be useful for the recognition of site response directivity phenomena. The data acquired in situ confirm that these phenomena, affecting particularly slope areas, have rather complex origins. Directivity seems to be influenced by concomitant topographic and geological factors contributing to polarise a large amount of shaking energy along relatively narrow azimuth intervals centred on main directions related to local topography features. A consequence of this complexity is that sites affected by directional amplification are characterised by multiple resonance frequencies and that, therefore, several directional spectral peaks can be found at different frequencies along similar directions.
In such settings the calculation of horizontal to vertical spectral ratios derived from seismic events (HVSR) or microtremor measurements (HVNR) can provide quite variable peak frequencies in relation to the signal-to-noise ratio characterizing recordings in different frequency bands (in this context "signal" means the part of recording generated Table 3 . Main relative maxima of HVNR at three sites on 1989 landslide: Freq = frequency; AzM = azimuth of maximum at the specified frequency; HVM = maximum spectral ratio at the same frequency; MmQ = Quotient between maximum and minimum spectral ratio. by ground motion and "noise" refers to the part generated inside the acquisition system). Therefore, under the conditions of site response complexity typical of slopes with both topographic and lithostratigraphic amplification, HVNR and HVSR measurements alone cannot provide a complete and reliable identification of resonance frequencies and amplification factors. Nevertheless the results of our tests prove that techniques based on the analysis of horizontalto-vertical spectral ratios can be usefully employed in investigations of directivity properties of site response. Indeed, among the 5 sites investigated, both and only the two sites affected by such directivity phenomena showed multiple significant maxima of H/V spectral ratios with orientations similar (within 20-30 • ) to the mean directions of shaking energy maxima observed during low-to moderate earthquakes. In particular, this offers the possibility of using quick and cheap ambient noise recordings, carried out with portable seismograph, as reconnaissance technique to be implemented in wide-area investigations of slopes potentially prone to dangerous consequences of directional amplifications (e.g. earthquake-induced landslides). To identify directivity, one should verify the presence of more peaks with significantly high HVNR ratios and with pronounced and consistently oriented directivity; the existence of a single directional peak or differently oriented relative maxima is not diagnostic enough, because it could simply reflect the presence of one or more sources of polarised noise.
Finally, the results of the new analyses offered in this work confirmed the earlier hypothesis (Del Gaudio and Wasowski, 2007) that the presence of a pre-existing deep-seated landslide body can be a relevant factor in causing directivity in site response of slope areas. However, it is likely that local topographic conditions and significant variations in slide thickness and in material properties can considerably enhance or decrease the importance of this effect. Clearly further research on slopes susceptible to seismic failures is needed to provide some practical guidelines in reference to settings where the presence of a landslide should be considered as a potential cause of site response directivity.
